The majority of urothelial cancers (UC) harbor alterations in retinoblastoma (Rb) pathway genes that can lead to loss of Rb tumour suppressor function. Palbociclib is an oral, selective inhibitor of CDK 4/6 that restores Rb function and promotes cell cycle arrest. METHODS: In this phase II trial, patients with metastatic platinum-refractory UC molecularly selected for p16 loss and intact Rb by tumour immunohistochemistry received palbociclib 125 mg p.o. daily for 21 days of a 28-day cycle. Primary endpoint was progression-free survival at 4 months (PFS4) using a Simon's two-stage design. Next-generation sequencing including Rb pathway alterations was conducted. RESULTS: Twelve patients were enrolled and two patients (17%) achieved PFS4 with insufficient activity to advance to stage 2. No responses were seen. Median PFS was 1.9 months (95% CI 1.8-3.7 months) and median overall survival was 6.3 months (95% CI 2.2-12.6 months). Fifty-eight percent of patients had grade ≥3 hematologic toxicity. There were no CDKN2A alterations found and no correlation of Rb pathway alterations with clinical outcome. CONCLUSIONS: Palbociclib did not demonstrate meaningful activity in selected patients with platinum-refractory metastatic UC. Further development of palbociclib should only be considered with improved integral biomarker selection or in rational combination with other therapies.
BACKGROUND
Urothelial cancer (UC) is a common malignancy with limited treatment options and poor outcomes in patients with metastatic disease. For decades, platinum-based combination chemotherapy was the only effective treatment option for metastatic UC. More recently, with the FDA approval of several immune checkpoint inhibitors, the landscape of treatment options has broadened significantly. However, immune checkpoint inhibition remains effective in only a subset of patients with metastatic UC, and tumour progression remains inevitable in most patients. Additional effective agents are needed for the treatment of this deadly disease and molecularly targeted therapies hold promise for patients with disease progression after platinum-based chemotherapy and/or immunotherapy. For example, the irreversible ErbB family receptor blocker afatinib had significant activity in patients with platinum-refractory UC with HER2 or ERBB3 amplifications. 1 Additionally, the VEGF2-R antagonist ramucirumab in combination with docetaxel improved progression-free survival (PFS) compared with docetaxel alone in unselected patients with platinum-refractory UC. 2 The Cancer Genome Atlas (TCGA) has expanded our knowledge of the molecular landscape of urothelial carcinoma and has demonstrated the frequent alteration of retinoblastoma (Rb) pathway genes in UC. Cyclin-dependent kinase inhibitor 2A (CDKN2A) alteration is the most common focal deletion in UC and is found in up to 20-30% of tumours. 3, 4 Loss of CDKN2A leads to upregulation of cyclin-dependent kinase (CDK) 4 and 6 activity, thus phosphorylating and inactivating the tumour suppressor Rb, leading to cell cycle progression and tumour growth. Other Rb pathway alterations include loss of function mutations in CDKN1A (p21) in 9% and amplification of E2F3 in 12% of tumours. Together, these molecular alterations suggest that therapeutic agents targeted to the Rb pathway may have activity in the treatment of metastatic UC.
Palbociclib is an oral, highly selective inhibitor of CDK 4 and 6. Inhibition of CDK4 and CDK6 acts to restore the tumour suppressor role of Rb and promote cell cycle arrest. Intact Rb is critical to the mechanism of CDK4/6 inhibition in cancer treatment, and CDKN2A loss with intact Rb mechanistically predicts sensitivity to CDK4/6 inhibitors. Preclinical data in bladder cancer cell lines have shown inactivation of RB1 confers resistance and inactivation of CDKN2A confers sensitivity to palbociclib. 5 Several CDK4/6 inhibitors have recently been FDA-approved for metastatic, hormone-receptor-positive breast cancer in combination with hormone therapy with impressive prolongation of PFS www.nature.com/bjc observed in patients on these agents. 6, 7 Prior studies in UC have found striking similarities between ER-positive and luminal breast cancers and the luminal subtype of UC, including the discovery of estrogen receptor signaling and enrichment in luminal breast cancer-specific gene signatures and pathways. Given these similarities in gene expression, as well as the overall molecular landscape of UC and preclinical data, CDK4/6 inhibition is a promising treatment strategy for metastatic UC. 8, 9 We hypothesised that palbociclib would demonstrate clinical activity in patients with UC with Rb pathway alterations who had progressed after standard first-line chemotherapy. We therefore conducted this phase II trial of palbociclib in molecularly selected patients with platinum-refractory UC.
METHODS

Patients
Patients aged ≥18 years with metastatic histologically confirmed UC of the bladder, urethra, ureter, or renal pelvis who had progressed after prior platinum-based chemotherapy in the perioperative or metastatic setting were enrolled. Immunohistochemistry (IHC) was performed on archival tumour tissue and patients were deemed eligible if the tumours were positive for Rb and negative for p16 as determined by the central study genitourinary pathologist (S.J.M.) in a CLIA-certified laboratory at the lead study site (University of North Carolina). Eligible patients had metastatic disease that was not amenable to curative surgery or radiation, including at least one measurable disease site. Perioperative chemotherapy must have been received within 1 year and no more than two prior cytotoxic chemotherapy regimens were allowed. Inclusion criteria included Eastern Cooperative Oncology Group (ECOG) performance status ≤ 2, absolute neutrophil count ≥ 1500/μL, hemoglobin ≥ 8 g/dL, platelets ≥ 75,000/μL, total bilirubin ≤ 1.5 times the institutional upper limit of normal (ULN), AST/ALT ≤ 2.5 times ULN, serum creatinine ≤ 2.5 times ULN, life expectancy > 3 months, and the ability to provide informed consent. Patients were ineligible if they had received a prior CDK4/6 inhibitor, had active brain metastases, were pregnant or breastfeeding, had uncontrolled systemic disease or uncontrolled infection, or were unable to swallow oral medications. All patients provided written informed consent.
Study design and treatment
This was an open-label, single-arm multicentre (University of North Carolina, University of Michigan, Vanderbilt) phase II trial to evaluate the efficacy of palbociclib in patients with previously treated UC with p16 loss and intact RB by IHC. Patients received palbociclib 125 mg orally once daily with food on a 21 days on/ 7 days off schedule in 28-day cycles. Cycles were repeated until disease progression, death, or intolerability. All patients were monitored for toxicity by history, physical examination, and complete blood counts and serum chemistry analysis every 2 weeks for the first two cycles, then every 4 weeks. Dosing was held for any grade 3 hematologic toxicity on day 1 of each cycle or any grade 3 nonhematologic toxicity at any time. Dose reductions were allowed for intolerability with initial dose reduction to 100 mg/day and a subsequent dose reduction to 75 mg/day. Palbociclib was permanently discontinued in patients that required <75 mg/day. Dose intensity was calculated as the dose administered during the total time receiving palbociclib divided by the standard dose intensity specified in the protocol.
Radiologic disease evaluation was performed every 8 weeks with assessment of disease response based on RECIST version 1.1. All adverse events from the start of treatment to 28 days after treatment cessation were graded according to the Common Terminology Criteria for Adverse Events (CTCAE), version 4.0.
Statistical analysis
The primary endpoint was progression-free survival at 4 months (PFS4) defined as time from treatment initiation to disease progression or death due to any cause. A Simon's two-stage design was planned to allow for early stopping for futility. The null median PFS was assumed to be 2.5 months, 10 and a 2-month improvement in PFS was felt to be clinically meaningful, translating to PFS4 improvement from historical rate of 33 to 54%, assuming an exponential distribution. The null hypothesis that the true percentage is 33% was tested against a one-sided alternative. In the first stage, 15 patients were planned to be accrued and if there were five or fewer patients with PFS4 the study would be stopped. Otherwise, 21 additional patients were planned to be accrued for a total of 36. This design yields a type I error rate of 0.046 and power of 0.81, when the true percentage of PFS4 is 54%. It was planned to enroll 40 total patients to allow for potential dropouts and nonevaluable patients. Secondary endpoints were overall response rate, median PFS, and median overall survival (OS) estimated by the Kaplan−Meier method. Study and safety analysis included all patients that received at least one dose of palbociclib.
Biomarker eligibility and analysis Eligibility criteria included tumour CDKN2A loss and intact Rb, assessed via IHC of p16 and RB respectively, at the primary study site. IHC staining for RB using the purified mouse antihuman RB protein (BD Biosciences Clone G3-245) was validated as a sensitive and specific biomarker for molecular alteration in Rb prior to study initiation. For validation, IHC for Rb was performed on 19 unrelated cancer cases and results were confirmed using prior targeted RB gene sequencing results. Thresholds for positive and negative staining were assigned based on staining observed in cases with known intact or deleted Rb. IHC for p16 was performed as per institutional protocol on clinical specimens using a Ventana monoclonal antibody for p16, clone E6H4, epitope retrieval 2/10 with commercial positive and negative controls. For RB, positive staining was >5% of tumour cells showing at least moderate nuclear staining or 20% of tumour cells showing at least weak nuclear staining. Staining less than this was considered negative. For p16, positive staining was >70% of cells showing positive, diffuse expression with strong intensity, with both nuclear and cytoplasmic staining. Staining less than this was considered negative. 11, 12 Based on prior sequencing data in UC, it was estimated that 40% of patients would be eligible for the trial, with approximately 100 patients to be screened to accrue the planned 40 patients. Planned exploratory analyses included correlation of the IHC results with high-throughput sequencing results for DNA alterations in the Rb pathway.
Somatic mutation and copy number analysis was performed on available archival formalin-fixed paraffin-embedded tumours for 11 of the 12 enrolled patients. A pathologist assessed each tumour block for percentage of viable tumour using hematoxylin and eosin-stained slides. Targeted exon sequencing was conducted through the UNCSeq pipeline (v8) to analyse nearly 800 genes associated with cancer as previously described. 13 Samples were sequenced on the illumina platform on NextSeq 500 sequencers using a commercial customised targeted Agilent SureSelect panel (UNCseq v8). The samples were aligned to hg19 with additional viral reads by BWA (0. Reported analyses are confined to mutations predicted to have a high or moderate impact on protein function through UNCseq. Pathway mutation frequency was calculated based on the number of samples that contained at least one mutation in the gene list associated with that pathway. The cell cycle pathway was represented by the CCND1, CCNE1, CDK4, CDK6, CDKN1A, CDKN1B, CDKN2A, CDKN2B, E2F3, and RB1. Statistically significant CNAs (p < 0.05) were selected and categorised based on the standard deviation of the gene-associated logR values (amplification ≥ 2, gain ≥ 1 and <2, shallow deletion ≤ −1 and > −2, and deep deletion ≤ −2). Genes and copy number alterations that were previously reported to be significantly mutated in TCGA analysis of UC are reported here, as well as all relevant cell cycle pathway genes.
RESULTS
Patient characteristics
Of 34 patients screened, 25 were eligible based on tumour IHC demonstrating p16 loss and intact Rb (Fig. 1 ). Of those, 12 patients were enrolled between April 2015 and January 2017. Reasons that eligible patients did not enroll included: decline in performance status (2), received other treatment (2), had not yet progressed on current therapy (1), closure of the study before enrollment could occur (4), and unknown (4). Baseline patient characteristics are included in Table 1 . Most patients were male (67%), age > 65 (67%), and had bladder as the primary site of their UC (58%). Postplatinum prognostic factors included hemoglobin less than 10 g/dL, 17%; liver metastases, 0%; and ECOG performance status more than 0, 58%. All patients received prior platinum-based chemotherapy and ten patients had definitive surgical treatment of their primary tumour (eight had cystectomy, two had nephroureterectomy). Most patients (58%) had only received one prior systemic therapy regimen. Two patients (17%) had received any prior radiation and two patients (17%) had received prior immune checkpoint inhibitor treatment. Three patients (25%) had lymph node-only metastatic disease. Median time from prior chemotherapy to study treatment was 5.0 months.
Efficacy
Two of the first 12 enrolled patients met the primary endpoint of PFS4 and the best response was stable disease. Since only 2 patients achieved PFS4 in the first 12 patients, it was not possible to meet the criterion for study continuation to stage 2 and thus the study was terminated. The overall response rate was 0% and median PFS was 1.9 months (95% confidence interval 1.8-3.7 months). Median OS was 6.3 months (95% CI 2.2-12.6 months). Eleven of 12 patients have expired; no deaths were felt to be treatment-related. Three patients received subsequent anticancer therapy after protocol treatment.
Dose intensity and adverse events
The median duration of treatment with palbociclib was 8 weeks (range 2.6-32 weeks). Only four patients were treated beyond cycle 2. The mean dose intensity was 91% and two patients had a 34 patients screened 25 patients eligible by IHC (p16 negative, RB positive) dose intensity of <80% (one due to AEs, one due to noncompliance). All patients discontinued the study drug, most commonly due to disease progression (83%). Two patients discontinued the study drug due to adverse events. One patient had a dose reduction due to hematologic toxicity. Seventy-five percent of study participants experienced grade 3/4 treatment-related AEs and 92% of participants experienced any grade treatment-related AEs (Table 2) . Almost all the clinically significant toxicity was hematologic and seven (58%) patients had grade 3 hematologic toxicity (no grade 4). The most common AEs included anemia, leukopenia, lymphopenia, neutropenia, and thrombocytopenia. Serious AEs (any grade) suspected to be related to the study drug did not occur in any patients.
Genomic alterations
Sequencing data were available on 11 of the 12 enrolled patients. The most frequently observed somatic mutations were ARID1A, MLL2, PIK3CA, and TP53 (55% of patients for each). Other common mutations included TSC1, EP300, and ERCC2 (Fig. 2a) . There were no patients with CDKN2A deletions (Fig. 2b) . Alterations in the PI3K pathway were common with 82% of patients having a somatic mutation in either PIK3CA or TSC1. Although 82% of patients also had alterations in cell cycle genes (Fig. 2c) , only 36% of patients had alterations that would predict sensitivity to palbociclib ( Table 3 ). The two patients who responded to treatment did not harbor alterations predicted to confer sensitivity.
DISCUSSION
Single agent palbociclib did not demonstrate meaningful activity in molecularly selected patients with platinum-treated UC. Palbociclib has been shown to be active in some cancers with CDKN2A loss, although impressive single agent efficacy is limited to case reports and it is in general primarily cytostatic.
14 Preclinical data support the potential for benefit in cancers with Rb pathway alterations, 15 but clinical trials in liposarcoma, 16 ovarian cancer, 17 nonsmall cell lung cancer, 18 and colon cancer 19 have demonstrated stable disease in a subset of patients with few tumour responses. Our study similarly showed a minority of patients had stable disease without any tumour responses.
Despite the limited efficacy seen in our study with single agent CDK4/6 inhibition, combination therapy could be considered for further investigation. Heilmann et al. demonstrated that despite loss-of-function CDKN2A mutations in approximately 80% of (17) 1 (8) ALT increased 1 (8) sporadic pancreatic ductal adenocarcinomas, these tumours are inherently resistant to CDK4/6 inhibition, but that this resistance can be overcome with the addition of mTOR inhibition. 20 In addition, single agent PI3K inhibitors have had only modest activity across cancers, but laboratory studies show that combined CDK4/6-PI3K inhibition can synergistically reduce cell viability. 21 Interestingly, the patients in our study demonstrated a surprising number of alterations in the PI3K/mTOR pathway, perhaps suggesting a mechanism of resistance. It is likely, however, that tumour resistance to palbociclib occurs by multiple mechanisms, as evidenced by the breast cancer experience with the PALOMA-3 trial, which show no differential sensitivity to palbociclib based on PIK3CA mutation status. 22 Additionally, the efficacy of CDK4/6 inhibitors in breast cancer occurred in combination with hormonal therapy, potentially highlighting the need to investigate combination therapy in UC.
Palbociclib had a tolerable safety profile in our study, with predictable and manageable AEs. Hematologic toxicity was common but only one patient required dose reduction. Neutropenia occurred frequently, but as seen in breast cancer, did not result in any episodes of febrile neutropenia. Anemia was slightly more common in our study than has been previously seen in breast cancer, which may be expected based on the patient population enrolled on this study compared to the patients typically enrolled on breast cancer clinical trials.
The lack of clinical efficacy in our trial could suggest that our inclusion criteria did not select for the patients most likely to receive benefit from palbociclib. In the PALOMA-1 trial of hormone-receptor-positive breast cancer that treated women with palbociclib plus letrozole or letrozole alone, the demonstrated improvement in PFS with palbociclib was less pronounced in the molecularly selected cohort 2 compared with the unselected cohort 1 patients, despite the presence of alterations predictive of CDK4/6 inhibitor response in cohort 2. In that trial, molecular selection was slightly different than the current study and included amplification of cyclin D1 (CCND1), loss of CDKN2A, or both. The authors postulated that relative amount of Rb protein could explain their results, and we therefore include Rb positivity by IHC as required eligibility in our trial. The results in breast cancer, however, may also simply reflect the relative importance of CDK4/6 activity in breast cancer cell proliferation independent of Rb pathway genomic alterations. UC tumours may be inherently less sensitive to the cytostatic cell cycle arrest induced by palbociclib, either due to less dependence on CDK4/6 activity or resistance mechanisms from other pathway members that are less evident in breast cancer. The palbociclib experience in our study does highlight the difficulty in molecularly selecting patients for clinical trials via an integral biomarker at screening. Although we demonstrated the feasibility of screening patients in this setting with IHC biomarkers, IHC is a marker of protein expression and not a direct measurement of underlying molecular alterations. Molecular validation of IHC for RB in UC was performed prior to study enrollment and IHC for p16 is in widespread clinical use and correlates with CDKN2A loss reliably in other cancers. 23 We accurately selected patients without loss of Rb (0 of 12 enrolled patients had Rb loss determined with NGS). However, there were no patients with CDKN2A loss in our study and more than the expected number of patients were eligible by our IHC screen. Prior studies in other tumours demonstrate a high sensitivity of p16 expression by IHC for underlying CKDN2A deletion, but also a substantial proportion of cases without CDKN2A deletion with p16 immunonegativity, suggesting our integral biomarkers did not select for CDKN2A deletion. 24 Recent data confirm that CDKN2A loss is less frequent than reported in the original TCGA analysis and is now estimated at around 20-30%. 25 Our findings suggest that the lack of p16 protein expression by IHC was not due to alterations in CDKN2A itself, but instead due to alterations in other Rb pathway members or by methylation of CDKN2A as a cause of decreased protein expression, as has been seen in other cancers. [26] [27] [28] [29] Alternatively, the lack of CDKN2A loss by NGS could be secondary to the noted difficulties in documenting copy number variation in single samples by NGS. 30 This may also explain why an unexpectedly high number of patients were eligible for the study by IHC criteria. Prior studies have found that CDKN1A mutations and CDKN2A loss are mutually exclusive in bladder cancer, a finding recapitulated in our small dataset. 31 We did not see a correlation between alterations that we predicted to confer sensitivity to palbociclib (CDKN2A inactivation, CCND1 amplification, CDKN2B inactivation) or resistance to palbociclib (Rb loss, CDKN1A inactivation, CCNE1 amplification, or E2F amplifications) and efficacy of palbociclib in our patients. Similarly, in the phase 1 trial of ribociclib (another CDK4/6 inhibitor) in solid tumours and lymphoma, CDKN2A loss by nextgeneration sequencing was not associated with chance of remaining on drug ≥8 weeks, although CCND1 alterations were associated with response (our study had no patients with CCND1 amplifications). 32 One consideration is whether our trial population had more aggressive disease than a standard second-line UC population. Prior work has shown that UC tumours with CDKN2A alterations are associated with worse cancer-specific survival compared with other UCs. 33, 34 However, the median PFS in our study of 1.9 months is in keeping with other studies in this patient population and reflects the inherent aggressive nature and difficulty in treating metastatic UC after platinum-based chemotherapy. Our trial included a slightly higher percentage of upper tract UC, which could have selected for more aggressive disease, although included no patients with metastases to the liver. 35 There are several limitations to the current study. Firstly, the integral biomarker inclusion was designed to enrich for patients more likely to respond to treatment, but does not allow for an analysis of differential response based on presence or absence of Rb pathway alterations. We are therefore unable to conclude if our inclusion criteria excluded patients that could have benefited from treatment. The only biomarker that is clinically used for CDK4/6 inhibitor treatments is hormone receptor positivity in breast cancer. Given the lack of clinical activity seen in our study, it remains unknown whether the molecular subtype of UC (i.e., basal vs. luminal) could also be a predictive biomarker in UC. An additional limitation is that sequencing was done on available archival tumour tissue, which was not confirmed to be prechemotherapy specimens and biopsy of metastatic lesions for genomic analyses was not required, which can influence detectable alterations.
In conclusion, palbociclib did not demonstrate significant activity in molecularly selected patients with platinum-refractory metastatic UC. Further development of palbociclib in UC could include combination regimens with PI3K pathway inhibitors. Additionally, if palbociclib is developed further in UC, we do not recommend IHC-based molecular selection of included patients.
